1. A spectrophotometric assay is described that enables the hydroxylation ofp-coumaric acid to caffeic acid, catalysed by spinach-beet phenolase, to be followed continuously. 2. Initial-velocity and inhibitor studies indicate that the order of substrate addition is oxygen, p-coumaric acid and electron donor, with an irreversible step separating the binding of each substrate. 3. Caffeic acid is most likely to act as electron donor at the active site; other electron donors, such as ascorbic acid, NADH and dimethyltetrahydropteridine, function mainly to recycle cofactor amounts of caffeic acid. 4. A reaction scheme, consistent with these data, is proposed.
The hydroxylation of p-coumaric acid to caffeic acid is an important step in the biosynthesis of lignins, flavonoids and coumarins in higher plants, and can be catalysed by a phenolase preparation (EC 1.14.18.1) purified from spinach-beet (Beta vulgaris L.) leaves. Previous studies showed that the reaction catalysed:
p-Coumaric acid+02+AH2 --. caffeic acid+H20+A has the stoicheiometry of a mixed-function oxidase (Mason, 1955) in which AH2 represents electron donors such as NADH, ascorbic acid or dimethyltetrahydropteridine (2 -amino -4 -hydroxy -6,7 - dimethyl-5,6,7,8-tetrahydropteridine) . In the presence of these electron donors a short lag period was observed before hydroxylation reached its maximum rate, which could be eliminated by caffeic acid or other o-dihydric phenol (Vaughan & Butt, 1970) . This implied that o-dihydric phenol acted as the electron donor at the catalytic site of phenolase to generate an enzyme species effective in hydroxylation. It was suggested that the main function of the other electron donors was the chemical reduction of o-quinone resulting from the catechol oxidase activity of phenolase (Nelson & Dawson, 1944) . Further studies showed that ascorbic acid, NADH and dimethyltetrahydropteridine affected the extent to which catechol oxidase activity accompanied hydroxylation, and it was suggested that these electron donors alter the ratio of catechol oxidase to hydroxylase activities of phenolase as well as recycling o-dihydric phenols (Vaughan & Butt, 1972) .
Although steady-state kinetic analyses have been carried out on the catechol oxidase activity of * Present address: Molteno Institute, Downing Street, Cambridge, U.K.
Vol. 149 mushroom (Duckworth & Coleman, 1970) , prune (Ingraham, 1957) and tea (Gregory & Bendall, 1966) phenolases no similar study has been carried out on the hydroxylase activity of phenolases.
The present paper presents a steady-state kinetic analysis of the hydroxylation of p-coumaric acid which aims to establish the order of substrate addition to the enzyme and to determine the effect of the nature of the electron donor on the mechanism of hydroxylation. It also describes a continuous spectrophotometric assay for the measurement of initial rates of caffeic acid production, in the presence of these electron donors.
Materials and Methods Reagents
Benzoic acid, p-hydroxybenzoic acid and 3,4-dihydroxybenzoic acid were obtained from BDH Chemicals Ltd., Poole, Dorset, U.K. All other fine chemicals and definition of enzyme units have been described . p-Coumaric acid, caffeic acid, benzoic acid, p-hydroxybenzoic acid and 3,4-dihydroxybenzoic acid were recrystallized from aq. ethanol (40 %, v/v) in the presence of charcoal. Enzyme purification Phenolase was prepared by the modified method of Vaughan & Butt (1970) Enzyme assays Hydroxylation assay. Hydroxylation was followed by measuring the quantity of caffeic acid produced during incubation of enzyme at 300C in the presence of 02 (0.056-1.12mM), p-coumaric acid (0.166-3.33 mM) and ascorbic acid (0.055-3.33mM), dimethyltetrahydropteridine (0.13-1.0mM) or NADH (0.01-0.05mM) in 0.1 M-Na2HPO4-0.05M-citric acid buffer, pH6.5, and 0.5M-(NH4)2SO4, in a total volume of 3ml. EDTA (3.33mM) was included in all assays with ascorbic acid to minimize coppercatalysed autoxidation (Butt & Hallaway, 1961) . Catalase (200 units/ml) was included in all reaction mixtures containing dimethyltetrahydropteridine to remove H202 produced by autoxidation of the reduced pteridine (Nielsen, 1969) . The reaction was started by the addition of enzyme and the cell contents were mixed by agitation with air or 02+N2 mixtures for 5 s. Assays were carried out in a Beckman DB spectrophotometer, and initial rates were determined by measuring the change in E340 during the linear part of the reaction (2-Smin, depending on substrate concentration used). Changes in extinction were recorded as digital output by means of an Optilab Multilog and Printer Driver linked to an Addo-X Printer (Techmation Limited, 58 Edgware Way, Edgware, Middx. HA8 8JP, U.K.). To correct for absorbance due to dimethyltetrahydropteridine and NADH at 340nm, duplicate cuvettes were prepared and the reaction was followed at 340 and 370nm with dimethyltetrahydropteridine and at 240 and 370nm for NADH. Changes in extinction at these wavelengths were related to caffeic acid concentration by using the expressions derived in the Appendix.
Determination of molar extinction coefficients. The molar extinction coefficients of p-coumaric acid and caffeic acid at 240, 340 and 370nm were measured on standard solutions made up in 0.1 M-Na2HPO4-0.05M-citric acid buffer, pH6.5, containing 0.5M-(NH4)2SO4. Dimethyldihydropteridine was formed as suggested by Nielsen (1969) , by the addition of 0.3M-H202 and catalase (600units) to dimethyltetrahydropteridine in 0.1M-Na2HPO4-0.05M-citric acid buffer, pH6.5, and 0.5M-(NH4)2 SO4 in air at 30°C. When O2 evolution ceased the extinction was measured at 340 and 370nm.
The proportion of NAD+ and NADH in a known weight of commercial sample [Sigma (London) Chemical Co., London S.W.6, U.K.] was calculated from the absorbance of solutions at pH7.5 by using literature values for the extinction coefficients of NADH at 340nm and NAD+ at 259nm (Morris & Redfearn, 1969 Robinson & Cooper (1970) . The assay mixture containing caffeic acid (0.033-1.33mM) was preincubated for 15min at 30°C before starting the reaction by the addition ofenzyme.
Variation ofoxygen concentration in assay mixture. The ratio of02-free N2/air or pure 02 in a gas mixture was varied by using gas-flow meters (G. A. P. Meters Ltd., Basingstoke, Hants., U.K.). The gases were passed into a mixing vessel and then through a closed flask containing all reaction components except enzyme and electron donor at 30°C. (20,umol) , NADH (20pmol) or dimethyltetrahydropteridine (6gmol) and enzyme in 0.1 M-Na2HPO4-0.05M-citric acid buffer, pH6.5, and 0.5M-(NH4)2 S04 in a total volume of 7.Oml under the conditions of . Caffeic acid content of 0.5ml portions at the times stated was estimated by either the colorimetric method (a) Inhibitor studies. Enzyme was incubated with 1.67mM-p-coumaric acid, 1.67mM-ascorbic acid and p-hydroxybenzoic acid (0.66-2.6mM), benzoic acid (0.33-3.33mM), 3,4-dihydroxybenzoic acid (0.084-1.67mM), CO (0.017-0.067mM), bathocuproinesulphonate (0.084-0.33mM) or diethyldithiocarbamate (0.5-1.51uM) under the standard conditions of the hydroxylation assay. CO concentrations were obtained by the addition of the relevant amount of a saturated aqueous solution of the gas at 20°C, assumed to be 1mm (Handbook of Chemistry and Physics, 1951-52) . The concentrations of ascorbic acid and p-coumaric acid used in these studies were at least twelve and six times greater than their respective Michaelis constants.
Data processing. To check for general agreement between initial-velocity data and the respective rate equations appropriate double-reciprocal plots were made (Rudolph et al., 1968) . Data were then fitted to the rate equation by the least-squares method (Wilkinson, 1961) by using FORTRAN programs kindly supplied by Professor W. W. Cleland.
Results

Colorimetric and spectrophotometric determination of caffeic acid
The difference between the colorimetric and spectrophotometric determinations of caffeic acid is less than 10% with ascorbic acid, dimethyltetrahydropteridine or NADH as electron donor ( Table 2 ). The spectrophotometric method was therefore used as a routine to determine initial rates of caffeic acid production. With ascorbic acid and dimethyltetrahydropteridine as electron donors, the method is satisfactory for p-coumaric acid conVol. 149 Vaughan & Butt, 1970) were incubated with p-coumaric acid (5,umol), ascorbic acid (lO,ccmol), EDTA (lO4umol) and the amounts of caffeic acid indicated, in 0.1 M-Na2HPO4-0.05M-citric acid buffer, pH6.5, containing (NH4)2SO4 (1.5mmol) at 30°C in air are shown. The points in parentheses on the vertical axis represents the hydroxylation rate and lag-time in the absence of added caffeic acid. The initial rates are expressed as jM (i.e. pmol ofcaffeic acid produced/litre)/5 s per 76munits. Values are given as AuM rather than nmol/ml or nmol/assay by substitution of the change in extinction, at the wavelength of assay, into the relevant expressions derived in the Appendix. This is done in one step by using a conversion factor on the multilog and so results are expressed directly as ,UM at 5s intervals with 76munits of enzyme per assay. centrations up to 3.33mM. The high total absorbance of NADH and p-coumaric acid at 240nm, however, limits the method to relatively low amounts of those substrates (0.33mM-NADH and 0.92mM-p-coumaric acid). Since these concentrations are not appreciably greater than their respective Michaelis constants, no detailed initial-velocity studies were carried out with NADH as electron donor. 
Action ofcaffeic acid on hydroxylation
Caffeic acid (50pM) was sufficient to eliminate the slight lag observed during hydroxylation in the presence of ascorbic acid and dimethyltetrahydropteridine. No stimulation of hydroxylation was observed even when the concentration of caffeic acid, added initially, was raised to 80pM; above this concentration slight inhibition occurred (Fig. 1) .
The Michaelis constant for caffeic acid, acting as a cofactor in the elimination of the lag period, was estimated to be 1.6 x 10-6M by the method of Pomerantz & Warner (1967) . This compares with a Michaelis constant of 3.3 x 1O-'M for caffeic acid as a substrate for the catechol oxidase activity of phenolase.
Evaluation ofkinetic constants
Kinetic constants for each substrate in the presence of saturating concentrations of the respective other two substrates were evaluated by direct fit of initialvelocity data to the equation for a rectangular hyperbola (Table 3) .
Initial-velocity studies
Initial-velocity patterns were obtained by the method of Rudolph et al. (1968) , in which each substrate, in turn, is varied against different amounts of the other two substrates, held in the ratio of their Michaelis constants. Parallel initial-velocity patterns were observed with 02 or p-coumaric acid as the variable substrate and either ascorbic acid or dimethyltetrahydropteridine as reducing agents. In the presence of either ascorbic acid (Fig. 2a) or dimethyltetrahydropteridine (Fig. 2b) Fig. 2(b 
Inhibitor studies
All the results are recorded as double-reciprocal plots (Figs 3-8) . K, intercept and K, slope values, where applicable, are shown in Table 6 .
Discussion
Initial-velocity studies
The observation that preincubation with low concentrations of caffeic acid does not alter the subsequent rate of caffeic acid production shows that the slope of the linear portion of the time-course, determined in the absence of added caffeic acid, is a reliable measure of initial rate of hydroxylation under the condition of assay. The parallel initialvelocity patterns observed when either 02 or pcoumaric acid were the variable substrates, together with the better fit of initial-velocity data to the rate equation with no Kia term, is consistent with a double displacement, or Ping Pong mechanism (Cleland, 1963) . This mechanism is characterized by release of product before the addition of the second or third substrate, and involves the formation of a stable modified form of the enzyme, without the occurrence of any kinetically significant amounts of a ternary complex. The occurrence ofparallel plots, however, is not conclusive evidence for a Ping Pong mechanism, since any irreversible step between binding of two substrates would result in a parallel initial-velocity pattern. One example of this is seen for the oxidation of 3-hydroxyanthranilate (Ogasawara et al., 1966) , where the large free-energy change associated with the reduction of 02 has been suggested to account for 1975 the parallel pattern observed for a mechanism thought to be sequential on other grounds.
The occurrence of convergent initial-velocity patterns when non-inhibitory amounts of caffeic Vol. 149 acid were included with p-coumaric acid or ascorbic acid as variable substrates suggested that caffeic acid establishes a reversible connexion between these two substrates. This is the predicted behaviour for a classic Ping Pong step (Cleland, 1970) hydroxylation would thus be (using the notation of Cleland, 1963) either Hexa Uni Ping Pong or Bi Uni Uni Uni Ping Pong, with an irreversible step separating the addition of the first two substrates.
Inhibitor studies
It is not possible to carry out product-inhibition studies on this reaction since water is present in an excess, caffeic acid is also a substrate for the catechol oxidase activity of the enzyme and o-quinone is Vol. 149 reduced to o-dihydric phenol by the ascorbic acid or dimethyltetrahydropteridine present in the assay medium. Therefore competitive inhibitors or weak alternative substrates were used to obtain information on reaction mechanism (Fromm, 1967 (Vaughan & Butt, 1970 proposal that spinach-beet phenolase contains more than one phenol-binding site agrees with similar suggestions for tyrosinases from mouse melanoma (Pomerantz & Warner, 1967) and mushroom (Kendal, 1949; Duckworth & Coleman, 1970) . A kinetic mechanism based on these results is summarized in Scheme 1. It is proposed that 02 binds to a reduced form of the enzyme E(red.) to form an oxygenated species, similar to oxytyrosinase reported to be a catalytic intermediate ofmushroom tyrosinase Vol. 149 (Jolley et al., 1974) . A further postulate is that combination of 02 with the enzyme leads to a free-energy decrease, sufficiently large to account for the irreversibility ofthe step between 02 andp-coumaric acid. Caffeic acid is liberated to form an oxidized stable enzyme form, E(ox.), which is subsequently reduced, probably by caffeic acid bound to the cofactor site. (Table 3) , provide additional support for this view.
The postulate that 02 binds to a reduced form ofthe enzyme agrees with the report that up to 15% of resting mushroom tyrosinase exists as a stable reversibly oxygenated form (Jolley et al., 1974) . However, the complex inhibition patterns suggest that the mechanism may be more complex than that proposed here. In particular the proposal for three phenol-binding sites, together with the effect ofmonophenol on the binding of o-dihydric phenol, and vice versa, requires more direct study than the kinetic experiments described in this paper.
